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AN AERODYNAMIC ANALYSIS OF SATURN I BLOCK I FLIGHT 
TEST VEHICLES 

By Fernando S. Garcia 

SUMMARY 

This report presents a summary of results from the aerodynamic flight evalua
tion of Saturn I, Block I vehicles (SA-I through SA-4). The evaluation of telemetered 
data included axial force calculations , stability analysis, and environmental steady-
state and fluctuating pressure  data analyses. Comparisons are h a d e  with wind tunnel 
and/or theoretical , predicted values. 

The axial force coefficient, obtained as a by-product of engine performance 
evaluation, was nearly identical for SA-I and SA-2 with values falling roughly 15 per  
cent less than predicted for Mach numbers above 0.7. SA-4 values, as expected, were 
on the average 8 per  cent higher than SA-I o r  SA-2. Flight-determined values of 
normal force and center of pressure  location generally agreed well with predicted 
data. Deviations were within the telemetry e r r o r  margins. The vehicle was statically 
unstable, with the most aft center of pressure  location during the transonic regime 
being a t  approximately I.2 calibers forward of the center of gravity. 

Pressure  measurements made at  the base of the vehicle and around the fuel 
and LOX containers of the S-I stage generally agreed well with wind tunnel data. Aft 
of the shoulder of the Jupiter nose cone and the 45 degree flare of the S-I/S-ND inter-
stage of SA-4, steady-state pressure  measurements Erom flight were somewhat lower 
than wind tunnel values at transonic Mach numbers. A minimum surface pressure 
coefficient of -1.74 was observed at Mach 0 .7 ,  one inch behind the Jupiter nose cone 
shoulder of SA-3. 

The interstage area of SA-4 was modified to simulate the 45 degree flare and 
the various protuberances to be flown in subsequent Saturn I, Block I1vehicles. Local 
steady-state and fluctuating pressure  measurements were made in this a r ea ,  which is 
basically a separated flow region. The maximum pressure forward of the flare oc
curred in the transonic regime; a maximum C

P 
of 0.6 was observed at Mach I.Ifor  

the near-zero angles-of-attack. 

The I-beam end protuberance in the vicinity of the 45 degree flare apparently, 
because of the formation of local shock waves aft of its wedge-shaped portion, produced 



a localized region of high pressure fluctuations and aerodynamic noise. Root-mean
square pressure  fluctuations, in the order  of 19 per cent of the free-stream dynamic 
pressure  , were observed in this vicinity. Power spectral  densities obtained from three 
measurements showed a predominance in frequencies in the range between 50 and 300 
cycles pe r  second. 

INTRODUCTION 

The Saturn I ,  Block I R&D program was comprised of four flight test vehicles -
SA-I through SA-4. These early flight configurations each consisted mainly of an 
%engine clustered booster (S-I) stage,  dummy upper stages (S-IVD and SVD) , and a 
Jupiter nose cone. On the subsequent Block 11configuration, fins will  be added to 
improve the aerodynamic stability characteristics. A live S-Tv upper stage will also 
be incorporated into the Block I1 phase of the R&D program. The Saturn I operational 
vehicle will c a r r y  the Apollo payload into Earth orbit. 

References Ithrough 4 contain results of the Early Engineering Evaluation of 
each of the four Block I test vehicles. Here, the performance of each major vehicle 
system is discussed with special emphasis on malfunctions and deviations. The first 
four Saturn flights were each a complete success. 

This report  contains a more detailed presentation of the aerodynamic evaluation 
of SA-I through SA-4 as pertaining to axial force calculations , stability analysis , 
environmental steady-state and fluctuating pressure  data,  and aerodynamic noise 
measurements. 

The attainment of narrower e r r o r  margins and, subsequently, more accurate 
aerodynamic stability data from flight depends largely on relatively high values of 
dynamic pressure  and angle-of-attack. When compared with the other three Saturn 
test flights , SA-3 had relatively lower values of dynamic pressure,  while SA-4 angles
of-attack generally oscillated about zero degrees. Apparently for  this reason, no 
reliable aerodynamic stability data were obtained from SA-3 o r  SA-4. One of the 
possible benefits of a 7-engine tilt program, therefore,  is the ability to obtain more  
adequate stability information from flight as a consequence of the increased angle-of
attack. 

Aerodynamic and base heating investigations are not considered in this report. 
Fo r  the first four Saturn flights, these investigations were performed by the Aero
dynamic Analysis Branch, Aeroballistics Division and by the Propulsion Branch of 
Propulsion and Vehicle Engineering Division. Some results from these analyses may 
be found also in References 1 through 4. Subsequent aerodynamic reports on future 
Saturn flight test vehicles, prepared by the Flight Evaluation Branch, will contain 
aerodynamic heating information. 
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I. SATURN I ,  BLOCK I CONFIGURATION 

The first four Saturn flight vehicles (SA-I through SA-4) comprised the Saturn 
I, Block I R&D program. As shown in Figures Iand 2, the external configuration of 
all four vehicles was basically the same except SA-4 which was modified to  simulate 
the Saturn I, Block I1 interstage area. In addition, the Jupiter nose cone was elongated 
32.57 inches on SA-4 to accommodate a Q-ball angle-of-attack meter. 

II. AERODYNAMIC TRAJECTORY 

Figure 3 shows telemetered pitch and yaw angles-of-attack versus  Mach number 
f o r  each-of the Saturn flights. By definition, a positive pitch and yaw angle-of-attack 
brings the fin I and I1 positions, respectively, on the windward side of the velocity 
vector. Except for  SA-4, all vehicles showed a pitch angle-of-attack variation between 
+2 and -6 degrees between Mach 0 .4  and 3.2, and the'yaw angle-of-attack did not exceed 
*2 degrees during this same Mach number interval. The SA-4 t ra jec tory ,~because of a 
changed tilting program , was such that both the pitch and yaw angles-of-attack generally 
oscillated about ze?o degrees. 

Because of the heavier liftoff mass  of SA-3, which resulted from a full pro
pellant loading, its trajectory was markedly different from that of the other three 
Saturn flights. This difference in trajectory was manifested by the lower values of 
ambient pressure,  dynamic p res su re ,  and Reynolds number seen in SA-3 at comparable 
Mach numbers. Figure 4 shows Reynolds number, based on 257-inch (6.528 m)  
reference body diameter, as a function of Mach number for  the Saturn flights. 

At Mach I.4, a maximum dynamic pressure of 0.29 kg/cm2 was observed for  
SA-3. A maximum dynamic pressure of approximately 0.37 kg/cm2, occurring at 
around Mach i. 5,  was generally observed fo r  the other three Saturn flights. 

111. 	 AXIAL FORCE AND AERODYNAMIC STABILITY 
PARAMETER ANALYSIS 

Axial force and stability parameters  were determined from measured data and 
comparisons have been made with predicted (wind tunnel) results. Figure 5 is a 
sketch showing the axial and normal forces acting on the vehicle, angle-of-attack 
conventions, and the equations used to  compute the various aerodynamic coefficients 
from telemetered data. 

3 
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A. AXIAL FORCE COEFFICIENT 

The axial force coefficient was determined by the Flight Simulation Section, 
Flight Evaluation Branch, by a method whereby the 9elemeteredf1thrust * and mass  
flow rates are adjusted to fit a simulated trajectory to the reference tracking trajectory 
(Ref. 5 ) .  This is accomplished by assuming the fltelemeteredffthrust and mass  flow 
rates as the first approximation and computing a preliminary trajectory. Through 
partial derivatives from the actual post-flight trajectory, new values of thrust and 
mass  flow rates are obtained. With these new values of thrust and mass  flow rate, 
C, is determined by the relation 

F - maL
Cx = 

qs 

By alternately solving for thrust and mass  flow rate ,  the procedure above is 
repeated until the simulated trajectory converges to the reference tracking trajectory, 
which in each case  gives a new value of C, from Equation I.Because of poor tracking 
data, it was not possible to obtain a C, curve for SA-3. 

Figure 6a is a plot of axial force coefficient versus  Mach number for SA-I and 
SA-2 as determined from flight measurements. Also shown are predicted values from 
Reference 6. Axial force values for  these two flights were,  for  all practical purposes, 
identical. As shown in the figure, the axial force coefficient was roughly 15 pe r  cent 
less  than predicted for Mach numbers above 0.7. 

Figure 6b shows the flight-determined C, for SA-4. From Mach 0.6 to 2.8, the 
power-on Cx for SA-4 was on the average 8 per  cent higher than SA-I o r  SA-2. This 
slight increase in C, was expected because of the added protuberances and interstage 
modifications. A close examination of the curves in Figure 6 reveals that the predicted 
C, for SA-4 shows values less than the predicted of SA-I o r  SA-2. The predicted 
power-on axial force is determined by adding a power-on base drag component to the 
experimentally determined fore-drag component (power-off) . This deviation in 
original predicted values is caused by the fact that results from wind tunnel hot-jet 
power-on tests were not available at the time the prediction was made. Consequently, 
theoretical predictions of power-on base drag were made by using Jupiter flight test 
data which turned out to be somewhat higher than values obtained from the subsequent 
hot- jet. wind tunnel model tests of SA-I. 

Theoretical and wind tunnel analyses have shown that the angle-of-attack influence 
on axial force may be neglected for total angles-of-attack under 15 degrees, which, 
as shown in Figure 3, was  the case for all Saturn Block I flight tests. 

* Thrust derived from telemetered engine chamber pressures.  
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B. GRADIENT OF NORMAL FORCE COEFFICIENT 

The gradient of the normal force coefficient (CZa o r  C,') was obtained 
using telemetered values of angle-of-attack, normal acceleration and engine deflection; 

c,' = 
m 	 - ZFo'p

(Isor 
where 

ZF,'P = F,'P, + F2'& + F,'& + F4'P4= total normal thrust  component 

Figure 7 is a plot of C,' versus  Mach number obtained from SA-I and SA-2. 
Flight results generally agreed well with predicted values in the supersonic regime. 
C,' f o r  SA-2 reached a maximum value of approximately 3.3 at Mach I.15 compared 
with a predicted value of 3. Iat Mach I.0. The SA-I curve had a peak value of 3.7 
at Mach I.1which seems questionable, Unfortunately, because of the lower dynamic 
pressure  values of SA-3, it was not possible to obtain equally reliable data either to 
support o r  disqualify this observation. 

C. CENTER OF PRESSURE LOCATION 

The center of pressure  of the vehicle was computed through the relationship 

using the smoothed values of C,' from Figure 7. 

Values of CP/D fo r  SA-I and SA-2 obtained from Equation 3 are plotted versus  
Mach number in Figure 8 together with predicted values. The forward movement of the 
center of gravity because of propellant consumption is also shown in the figure. Results 
from SA-I and SA-2 show good agreement with predicted values. The most aft flight-
derived location of the center  of pressure during the transonic regime was observed to 
be around 3.6 calibers forward of station 100 (approximately I.2 calibers ahead of the 
C. G. ) and occurring at Mach I.2. N e a r  Mach 2.0, both flights showed a maximum 
forward center of pressure  location of approximately 4.3 calibers from the gimbal 
plane. 

D. GRADIENT OF MOMENT COEFFICIENT ABOUT C.G. 

The gradient of the moment coefficient about the center  of gravity was obtained 
from the relationship 

5 
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cm* 
= C,' (CP/D - CG/D) 

where the values of C,' and CP/D are those in Figures 7 and 8,  respectively. Values 
of Cm, for SA-I and SA-2 are shown as a function of Mach number in Figure 9 together 
with the predicted curve. The vehicle is statically unstable during the entire portion 
of the trajectory. As shown in Figure 9, values of Cma obtained from both flights 
agree reasonably well with each other and also with those predicted. 

E .  DATA REDUCTION AND ERROR ANALYSES 

A probable e r r o r  band was determined for  the aerodynamic stability curves 
based upon individual expected e r r o r  values assigned to telemetered readings of angle
of-attack , normal acceleration, angular velocity, and engine deflections. The e r r o r  
margins for  Czl , CP/D, and Cma , which were arbi t rar i ly  referenced to the SA-2 
curves,  are computed by taking the root-mean-square value of the total e r r o r  determined 
through the use of partial derivatives. The small  values of yaw angle-of-attack and 
subsequently low normal accelerations on SA-I and SA-2 confined the stability analysis 
to the pitch plane only. 

Because of the uncertainty in the e r r o r s  associated with the iteration procedure 
used for  the engine performance evaluation, it was felt that it may be difficult to 
estimate accurately the absolute e r r o r  in the axial force coefficient, Cx, which is a 
by-product of the engine evaluation. For this reason, the percentage variation in the 
axial force coefficient observed from Jupiter ballistic missi le  flights (Ref. 7) has been 
used to determine the probable e r r o r  bands in C,. However, the close agreement 
between the SA-I and SA-2 curves indicates that the reliability may be grea te r  than 
indicated by these e r r o r  margins. An e r r o r  analysis performed by the Flight Simula
tion Section, Flight Evaluation Branch, a lso supports this. The improvement over 
the results obtained for  the Jupiter flights is because of improvements in the engine 
performance evaluation program. Data from predicted and SA-I fell within the e r r o r  
bands determined by SA-2 values. 

IV. STEADY-STATE PRESSURE MEASUREMENTS 

Figure 10 is a table showing the location, description, and the manufacturer of 
the various pressure  instruments which were used in the Saturn flights. Except for two 
s t ra in  gauge transducers and two acouStic microphones mounted on the S-I/S-TVD 
interstage of SA-4. (shown in Figure 20) all transducers were pneumatic-type pressure  
responsive capsules which actuated l inear potentiometers. These were used mainly 
to measure local steady-state pressures.  Frequency response tes ts  made on this type 
of instrument (Ref. 8) indicate low dynamic sensitivity after 20 cps. 
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A low-pass digital filter was used to smooth the raw steady-state telemetered 
pressures. Based upon previous experience, a telemetry error margin of approximately 
i 0.018 kg/cm2 ( &  0.25 psia) was assigned to  the data from the individual measurements. 

A. BASE PRESSURE 

The heat shield in the Saturn flights was instrumented with three absolute base 
pressure measurements. Figure I1  is a band showing base pressure coefficient versus  
Mach number. The band represents the maximum variation of each and all measure
ments in the four flights. On the average, base pressures  from SA-3 and SA-4 were 
relatively higher than the two previous flights and compose the upper limits of the band. 
At approximately Mach I.7 and thereafter, telemetered data from all flights showed 
pressure values higher than ambient. This positive pressure thrust at higher altitudes 
is attributed to the interaction of the strongly expanding exhaust jets which force part 
of the exhaust gases to flow backward towards the base. In the transonic and supersonic 
regime, a minimum base pressure coefficient of approximately - 0 . 2  was observed 
a t  Mach 1. I. 

Also shown in Figure 11 are wind tunnel tes t  data from References 10 and 11. 
These wind tunnel tests approximated the flight trajectory of SA-I by simulating the 
Mach number and static pressure at altitude. Telemetered flight resul ts  generally 
agreed well with wind tunnel data except in the low supersonic regime where flight resul ts  
were more positive. Wind tunnel tests (Refs. 9 and 10) have shown that during certain 
portions of the trajectory, the base pressure generally increases with a decrease in 
ambient pressure when the Mach number is held constant. Therefore, it appears that 
this deviation between flight and wind tunnel data is caused by the trajectory. 

The base drag coefficient of the vehicle was calculated using a mean value of the 
pressure readings observed on the heat shield. 

where 

sB 
S 
- SBN = 0 .7  (effective base area correction factor t o  account f o r  all nozzle 

exit areas) 

Figure 12  is a band showing the maximum variation of CDb for  all flights. Based 
upon the maximum values of CDb shown in Figure 12 and the values of Cx in Figure 6 ,  
base drag constitutes about 35 p e r  cent of the total axial force on the vehicle at Mach 
0.2,  but only 10 p e r  cent at Mach I.2 and about 6 p e r  cent at Mach I.5. 
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B, PRESSURE MEASUREMENTS ON BOOSTER-TANK AREA 

1. Station 205. Four local static p res su re  gauges were located on the fillets 
of the flared-out region on intermediate points adjacent to the extreme lower portion of 
the fuel and LOX tanks. This area is actually a tapered, scalloped region in which 
succeeding c r o s s  sections between the fuel and LOX tanks alternate .between a concave 
and convex surface. Figure 13 shows a band of pressure  coefficients versus  Mach 
number obtained from these measurements. 

Since each pa i r  of measurements shown in Figure 13 is diametrically opposite one 
another, the bands shown represent the pressure  variations for  pitch angles-of-attack 
in a range of f 6 degrees. A comparison between Figures 13a and 13b shows that 
measurements D77-10 and D79-10 located on the convex surface showed higher pressures  
than those on the concave surface (D76-10 and D78-10). A maximum pressure coef
ficient of 0 . 4  was observed at Mach 1.6 (Fig. 13b). 

Flight results showed good agreement with wind tunnel test data, Reference 12. 
These wind tunnel measurements were made on the tanks and not on the actual fillets. 
Pressures for the most part were higher than ambient in all flights, as expected. The 
negative portion of the band in Figure 13a is contributed by measurement D78-10 in 
SA-2 and SA-3. Here,  the negative Cp values may have been caused by the relative 
rearward movement of the windward separation shock wave with respect to the pressure  
orifice on the fillet. Since this phenomenon appears to have occurred in several  other 
locations on the Saturn, it will be discussed in more  detail in Section D. 

2. Stations 860 and 863. Figures 14and 15 are bands of pressure  coefficient 
versus  Mach number from measurements made at stationp 860 and 863 on and around the 
fuel containers. Pressure gauges for  measurements D8I'-FI and D83-F3 at station 860 
were located on the skin of fuel containers 1 and 3, respectively, facing the center of the 
cluster. Measurements D80-F1 and D82-F3 were also located on fuel containers i and 
3, but the orifices were located on the end ring f rame of the containers facing the flight 
direction. The locations of these measurements are shown in sketches in Figures 14 
and 15. 

Negative pressure  coefficients were observed at stations 860 and 863, as expected. 
Because the flow has expanded around the station 867.3 corner  of the adapter section, 
these measurements may be considered to be in a local "base pressure" region. A 
minimum Cp value of -0.2 at Mach 1. I was observed at station 860; at station 863, a 
minimum Cp reading of -0.3 was observed at Mach 1. 06. 

From the relatively narrow bands of data shown in the figures,  it appears that 
this region was not influenced significantly by angle-of-attack changes. On the average, 
flight resuits were generally more positive than the wind tunnel data of Reference 13. 
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C. SURFACE PRESSURES, SA-3 DUMMY PAYLOAD 

The dummy payload stage of the SA-3 vehicle was modified by the installation 
of two aluminum panels, 2.31 cm thick, each extending on a 60 degree circumferential 
area from station 1731 to 1699. On the area encompassed by the panels, the shoulder 
was faired back to station 1727. The panels were then instrumented with longitudinally 
spaced surface pressure  measurements as part of an experiment to simulate a portion 
of the shoulder configuration on the nose fairing of Centaur F-I. Telemetered flight 
data from five of these measurements (located 65 degrees off f in location III towards 
N)are presented herein and comparisons made with wind tunnel and theoretical results. 
A more  detailed presentation of the purpose and results of the above experiment is given 
in Reference 8. 

Figure 16 shows the surface pressure  distribution ( Cp versus  station) between 
stations 1726 and 1701 at various Mach numbers. These pressure  orifices were on the 
windward side of the velocity vector. Figure 17 presents plots of surface pressure  
coefficient versus  Mach number for three of these measurements. At Mach 0.7, 
measurement D152-30, located one inch behind the shoulder, displayed the lowest 
pressure reading - a minimum Cp value of -1.74 (Figs. 16b and 17a).  Evidence of the 
downstream movement of the lambda-type shock wave with increasing Mach number was 
indicated by the sudden telemetry drops experienced by the various measurements at 
different flight times. This sudden drop in local surface pressure  was first detected 
at Station 1726, at Mach 0.65. 

Flight results generally agreed well with wind tunnel data of References 12 and 14. 
At Mach. 0 .7  and thereafter,  Cp values from SA-3 are slightly less negative than wind 
tunnel data of Reference 14 on the area immediately behind the shoulder. 

D. INTERSTAGE SURFACE PRESSURE MEASUREMENTS 

I. SA-3 Interstage. The S-I/S-IVD interstage area was instrumented with 
four steady-state pressure  measurements. The four orifices were located in pa i r s  at 
stations 989.3 and 1019.3, diametrically opposite one another in the pitch plane. Figure 
18 shows pressure  ratios,  Ps/Pa, versus  Mach number for the two leeward side meas
urements,  while the windward side measurements are shown in Figure 19. Angle-of
attack effects indicated by higher pressures  on the windward than on the leeward side 
were observed at station 989.3 (Figs. 18a and /9a) up to Mach 2.2. The same pitch 
angle-of-attack effect is observed at station 1019.3 but only up to Mach I. 2 after which 
pressures  from measurement D85-20 on the windward side fell to near-ambient values. 

The measurements above are presumably in an area of flow separation which is 
marked by the formation of a strong shock wave ahead of the 24 degree flare on the SA-3 
vehicle. Experimental studies on cylinder-cone-flares ( for  example , Ref. 15) have 
shown a large forward movement of the leeward separation point (and associated shock 
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wave) with a thickening of the turbulent boundary layer ;  conversely, a slight aft move
ment of the windward separatio? point has been observed together with a slightly thinned 
boundary layer. The sudden drop in pressure  experienced by data from the windward 
measurement D85-20 was most likely due to the downstream movement of the f lare  
shock wave relative to  the pressure  orifice at higher Mach numbers. 

When the data were converted to pressure  coefficient form,  Cp, the maximum 
values for  each measurement all occurred at approximately Mach I. I;the maximum 
observed Cp value was 0.71 , obtained from windward measurement D84-20 at station 
989.3. Wind tunnel test data (Ref. 12) also shown fo r  comparison in Figures 18 and 19, 
showed pressure  readings somewhat lower than those telemetered from flight. 

2. SA-4 I n t e r s t a E  The major modifications to the SA-4 vehicle consisted~ .. 

mainly in adding dummy re t ro  rockets , I-beam end-fairings , ullage rocket fairings , 
hydrogen chilldown ducts and cable tunnel to the S-I/S-IVD interstage area to simulate 
the Block I1 configuration. In addition, a 45 degree flare was incorporated. To meas
ure  the full-scale effects of protuberances and the 45 degree flare on the local aero
dynamic characterist ics of the interface region, a total of 10 pressure  measurements 
were installed between stations 975 and 1064, near  fin location I. Of these,  two were 
high frequency response Statham strain gauge transducers intended for  measuring 
fluctuating pressures.  To measure the aerodynamic noise in the boundary layer ,  two 
acoustic microphones were also installed in the general vicinity of these measurements. 
Figure 20 is a sketch of the S-I/S-IVD interstage area of SA-4with a table showing the 
location and general characterist ics of each measurement. 

Figure 21 presents plots of surface pressure  ra t io ,  Ps/Pa, versus  Mach number 
for data from each individual measurement. An increase in pressure  was generally 
observed with proximity to the 45 degree flare, as has been observed previously in 
experimental studies of flare-induced separation. 

Interpolated wind tunnel data (Ref. 16) , obtained from a 0.778 p e r  cent scale  
smooth model of the Saturn I, Block I1 configuration, are shown for  comparison in the 
graphs. SA-4 flight resul ts  are generally higher than wind tunnel data fo r  those surface 
stations forward of the 45 degree flare. 

A minimum surface pressure  ratio of 0 . 1 2  was observed from measurement 
Dl62-11, station 977.3,  at Mach 0.97  (Fig. 21i).  This pressure  ratio corresponds to 
a surface pressure  coefficient of -1.34. Pressures  obtained from measurement DIGI-I1 
at station 975.3,  as expected, were higher because of increasing distance downstream 
of the shoulder. Wind tunnel data (scaled to station 9 7 5 ) ,  shown for comparison in 
Figures 21 ( i , j )  , show that between Mach 0 . 9  and I! i telemetered flight readings of 
Ps/P, were lower than wind tunnel data by a factor of I.7 to 2. I.At Mach I. 4 and 
thereafter,  good agreement was observed between flight and wind tunnel data for meas
urement DIGI-i l. However, the agreement of measurement Dl62-11, at station 977.3 
just after the f la re ,  was not as good. 
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Measurements D164-20 and Dl59-20, which were located symmetrically on 
opposite sides of the I-beam fairing, showed very nearly the same pressures  up to Mach 
1. 6 indicating a symmetrical  flow. This is as would be expect.ed since the angle-of
attack (yaw) was small. 

Figure 22 shows plots of Cp versus  SA-4 vehicle station at various Mach numbers. 
The data were obtained from the eight measurements located nearly in line from 
station 1064..3 to 975.3 on the fin 11side of the I-beam fairing (Fig. 20). These resul ts  
are the same information as presented in Figure 2i(a-j) but in a different form. 

Analysis of the data revealed that the maximum pressure  distribution, as in SA-3, 
occurred near Mach I. I. At this Mach number (Fig. 22c) , a maximum CP of 0.6, 
which was 50 per cent above the value obtained in the wind tunnel, was observed between 
stations 989.3 and 1019.3. Locations of the pressure orifices on the wind tunnel model 
were scaled to SA-4 stations using calibers from station 979.3 as a reference point. 

The raw telemetered data from measurement Di59-20 and Di63-20, the two 
strain gauge transducers,  displayed a gradual drop in absolute pressure  level after 
M = 2.0, which does not appear to be valid. The sensing element, o r  diaphragm , of 
the strain gauge traFsducers , unlike the potentiom eter-pneumatic systems,  are flush-
mounted to the vehicle surface. Heat measuring transducers located in this general 
vicinity showed an increase in temperature at this Mach number (Ref. 4). The most 
likely explanation for  the deviation shown by the s t ra in  gauges is that the sensing element 
was affected by the rise in aerodynamic heating rate in this vicinity. Laboratory tests 
seem to support this conclusion. 

The low frequency pressure  oscillations observed on the data from the two meas
urements behind the shoulder, Figure 21( i ,j) , appear 'to be angle-of-attack effects in 
yaw stemming mainly from the I-beam fairing. A s  shown in Figure 20, measurements 
Di59-20 and Di63-20 are located on opposite sides of the I-beam fairing, Di59-20 being 
on the leeward side of the fairing for positive yaw angles-of-attack. Between Mach 1. 4 
and 1. 8, a variation in pressure  was observed in phase with the yaw angle-of-attack 
oscillations. However, an opposite pressure  effect was seen iq data from both meas
urements in that the pressure  decreased when the tap was on the windward side and 
increased when it was on the leeward side. 

The surface-to-ambient pressure ratio fo r  measurements D87-20 at station 
1019.3 (Fig. 21d) did not exhibit the same slope in its upward trend as was observed 
after Mach 2.0 from measurements nearby. At Mach 2.99, Cp values for  measuremeqt 
D87-20 were,  on the average, about 35 p e r  cent lower than flight data from two meas
urements located longitudinally on ,either side. This may be a localized effect produced 
by the I-beam fairing or because of measurement inaccuracies. 



V. 	FLUCTUATING PRESSURE AND AERODYNAMIC NOISE 
MEASUREMENTS 

Some results from ia digital power spectral  density ( PSD) analysis made on data 
from measurement Dl59-20,. the high-frequency response s t ra in  gauge transducer on 
SA-4, are shown in Figures 23 to 25.* Figure 23 shows power spectra curves for  
several  flight intervals of 2-second duration. The filter bandwidth used for  this analysis 
was 10 cps with a sampling rate of approximately 850 samples p e r  second. 

The maximum power was observed between 70 and 72 seconds of flight (Fig. 23d) 
where a peak value of 0. O i l  psi2/cps [52. 3x106 (dynes/cm2) 2/cps] was observed for a 
frequency of 205 cps with a secondary peak of 0.0082 psi2/cps [ 3 9 ~ 1 0 ~( d y n e s / ~ m ~ ) ~ / c p s ]  
occurring at 235 cps. The integral of the power spectrum determines the mean-square 
value. Figure 24 is a plot of the overall o r  composite root-mean-square pressure 
fluctuation about the mean obtained from the relation 

where 

SPL = sound pressure  level in decibels-
P = overall root-mean-square pressure fluctuation-
Pr = reference sound level pressure (2 .94 x ps i ) .  

A maximum value of approximately 169.5 db was observed in the interval 
between 70 and 72 seconds of flight which decreased to 167 db between 77 and 79 seconds. 
Figure 25 shows ACp(rms) ( ra t io  of overall r m s  value of fluctuating pressure about 
the mean to the free-stream dynamic'pressure) versus  Mach number. The maximum 
sound pressure level shown in Figure 24 (169.5 db) corresponds to a ACp(rms) value 
of 0.188 at Mach I. 85. 

Because of flow acceleration and changes in the absolute ambient pressure level 
with flight t ime, the local oscillating pressure  field in the boundary layer is somewhat 
of a transient phenomenon. Using intervals of smal le r  duration with greater sampling 
rates for statistical analyses enabled the pressure-time series in the SA-4 analysis 
to approximate more closely a stationary random process,  which is a necessary con
dition for  time series to be represented by power spectra. 

* This surface measurement was located at station 1012.3 approximately 15 inches 
(38  cm) from the I-beam fairing, as indicated in Figure 20. 
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A similar  PSD analysis was performed in  Reference 4 ,  with fluctuating pressure  
data obtained from Dl59-20, but the intervals were of &second duration. Since at 
comparable flight intervals,  the PSD curves presented herein are basically s imilar  to 
those in Reference 4 ,  it appears that when the data were sampled at intervals of &second 
duration, the slow time-varying absolute pressure mean (approximately 0.25 psi/sec) 
did not distort the power spectra above 5 cps. It is possible, however, that because of 
this effect, an overestimate might be made of the overall root-mean-square value. 
Based upon analyses of the, data presently available on measurement Dl59-20, it appears 
that this overestimate of did not exceed 5 per cent. 

Two flush-mounted acoustic microphones were installed on the surface of the 
interstage'near the I-beam fairing: one 33 degrees off fin location I towards IV at 
station 1012.3 (L64-20) , and the other 22 degrees from fin I towards IV at station 1029.3 
(L65-20). The measuring range of each instrument was 145-165 db and the telemetry 
response 3 kc. 

Figures 26 and 27 show the frequency spectrum for  measurements L64-20 and 
L65-20, each at three different t ime intervals during SA-4 flight. Measurement L65-20 
had a maximum power peak of 13.5 x psi2/cps [ O .  64x106 (dynes/cm2) 2/cps] at 
125 cps occurring between 47 and 52 seconds. Measurement L64-20 (Fig. 26) dis
played two peaks of the same magnitude [ 1 0 . 7  psi2 x 10-5/cps o r  0. 51xIO6 (dynes/cm2)2/ 

cps] at 190 and 235 cps in the interval between 7 4  and 79 seconds. 

A comparison of Figures 23, 26, and 27 reveals that the power spectra level 
obtained from measurement D 159-20 is considerably higher than that obtained indepen
dently by any of the two acoustic microphones. Consequently, the SPL obtained from 
Dl59-20 was higher than that of the microphones. However, the same predominance 
in frequencies (between 50 and 300 cps) was observed by all three measurements. 
Between 70 and 80 seconds, particularly, two distinguishable peaks were observed by 
both measurement Dl59-20 and L64-20 at frequencies near  190 and 240 cps. Measure
ment L64-20, as Dl59-20, was located at station 1012.3,  but 49 inches (124 cm) away 
from the la t ter  (Fig. 20) .  The higher power level associated with measurement 
Dl59-20 may be attributed to its proximity to the I-beam fairing, which, because of 
local unstable shock waves presumably forming aft of its wedge-shaped portion, produces 
very localized regions of high boundary layer turbulence and aerodynamic noise. 

CONCLUSIONS 

Analysis of telemetered data for  the Saturn I, Block I vehicles indicates the 
following conclusions : 
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i. Values of axial force coefficient measured on SA-1 and SA-2 were nearly 
identical during the poweredflight. The axialforce coefficient was roughly 15 per cent 
less than predicted for  Mach numbers above 0.7. Between Mach 0.6 and 2.8, flight-
determined values of axial force coefficient for  SA-4 were about 8 p e r  cent higher than 
SA-I o r  SA-2, as expected. 

2. Flight-determined values. of the gradient of normal force coefficient agreed 
well with predicted data in the supersonic regime. Cz' for SA-2 reached a maximum 
value of approximately 3.3 at Mach I. 15 compared with a predicted value of 3. 1 at 
Mach I.0. The SA-i curve had a peak value of 3 . 7  at Mach i. i. The center of pressure  
location determined from flight data agreed well with predicted values. Near Mach 2.0,  
both flights indicate a maximum forward center of pressure  location of approximately 
4.3 calibers from the engine gimbal plane (station 100). 

3. The heat shield was instrumented with three absolute pressure  measurements. 
During the transonic and supersonic regime, a minimum base pressure  coefficient. of 
approximately -0.2 was observed at Mach i. i. Flight results generally agreed well 
with wind tunnel data. 

4. Telemetered pressure  data from measurements located on and around the 
top of the fuel containers indicate a minimum surface pressure  coefficient of -0. 3 
observed at approximately Mach I.I.Pressures  in this region did not appear to be 
influenced by angle-of-attack changes of within -+ 6 degrees. 

5, At Mach 0.7 a minimum pressure  coefficient of -1.74 was observed at a 
point one inch behind the nose cone shoulder on SA-3. Behind the shoulder of the 45 
degree flare on the S-I/S-lVD interstage of SA-4, a minimum surface pressure  coef
ficient of -1.34 was observed at approximately Mach 0.97. Tlfese peaks in surface 
pressure  coefficient values a r e  considerably lower than those predicted through wind 
tunnel tests. 

6. Surface pressure  measurements were located in the vicinity of the cylinder-
flare region on the S-I/S-IVD interstage areas of SA-3 and SA-4. The flight measure
ment forward of the flare were evidently located in a region of flow separation. SA-3 
had a relatively smooth contour in this area and a 24 degree flare. To simulate the 
Block I1 interstage area, various protuberances were added to SA-4 together with a 45 
degree flare. Telemetered pressures  indicate a generally higher pressure  distribution 
than was obtained from wind tunnel data on smooth bodies (no protuberances). The 
maximum loading for  either configuration occurred between Mach i. 0 and 1. I. On SA-4, 
a maximum surface pressure  coefficient of 0.6 was observed at Mach i. I for  free-
stream angles-of-attack near  zero degrees. 

7. Unsteady pressure  data were obtained from two acoustic microphones and one 
fluctuating pressure  measurement located on the SA-4 interstage. The fluctuating 
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pressure measurement located next to a surface protuberance (I-beam fairing) showed 
the highest pressure oscillations, with a maximum noise level of close to 170 decibels 
at Mach i. 85. The overall root-mean-square pressure  fluctuation at this Mach number 
was approximately 19 p e r  cent of the free-stream dynamic pressure.  A frequency 
analysis made on fluctuating pressure data from each of the three measurements 
indicates the largest  amplitude oscillations in frequencies between 50 and 300 cycles 
pe r  second. 
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